Red clump (RC) stars are widely used as an excellent standard candle. To make them even better, it is important to know the dependence of their absolute magnitudes on age and metallicity. We observed star clusters in the Large Magellanic Cloud to fill age and metallicity parameter space, which previous work has not observationally studied. We obtained the empirical relations of the age and metallicity dependence of absolute magnitudes M J , M H , and M K S , and colours J − H, J − K S , and H − K S of RC stars, although the coefficients have large errors. Mean near-infrared magnitudes of the RC stars in the clusters show relatively strong dependence on age for young RC stars. The J − K S and H − K S colours show the nearly constant values of 0.528 ± 0.015 and 0.047 ± 0.011, respectively, at least within the ages of 1.1-3.2 Gyr and [Fe/H] of −0.90 to −0.40 dex. We also confirmed that the population effects of observational data are in good agreement with the model prediction.
INTRODUCTION
Red clump (RC) stars are low mass stars in the stage of the core helium-burning phase. They are easily recognised in the Heltzsprung-Russell diagram, because they have similar luminosity and effective temperature, and they are numerous. They were first recognised in the colour-magnitude diagrams of intermediate-age clusters (Cannon 1970) . After the work by Paczyński & Stanek (1998) using Hipparcos parallaxes to determine the absolute magnitudes of RC stars, they gained much attention and have been widely used as an ideal standard candle to investigate Galactic structure (e.g., McWilliam & Zoccali 2010; Nataf et al. 2010 ) and interstellar extinction (e.g., Nishiyama et al. 2006 Nishiyama et al. , 2009 Nataf et al. 2013) .
To make them an even better standard candle, it is important to understand the dependence of their absolute magnitudes on age and metallicity (population effects). From the theoretical side, Girardi & Salaris (2001) investigated the population effects on the V-and I-band absolute magnitudes, and Salaris & Girardi (2002) studied the effects in ⋆ E-mail: onozato@nhao.jp the K-band. They suggested that the longer the wavelength becomes, the smaller absolute magnitude depends on metallicity, and it does not depend much on metallicity in nearinfrared (NIR) wavelengths. Meanwhile, they predict that age dependence of the absolute magnitude is not simple such that there is only weak age dependence for RC stars older than 2 Gyr, but there is strong age dependence for RC stars younger than 2 Gyr. Many observational studies have confirmed small metallicity dependence of NIR magnitudes among RC stars in the solar neighbourhood (Alves 2000; Groenewegen 2008; Laney et al. 2012) and Milky Way star clusters (Grocholski & Sarajedini 2002; Percival & Salaris 2003; van Helshoecht & Groenewegen 2007) . On the other hand, age dependence has not been investigated extensively because it is difficult to know the ages of RC stars. So far, the studies are limited to the work using Milky Way star clusters (Grocholski & Sarajedini 2002; Percival & Salaris 2003; van Helshoecht & Groenewegen 2007) or age that derived from asteroseismology (Chen et al. 2017) , and no clear age dependence has been observed for younger RC stars. This is mainly due to the small number of samples for the former case, and the relatively large uncertainties in age for the latter case. Therefore, the number of samples with both age and metallicity information is quite limited, and the parameter space is not covered enough up until now.
Hence, we use star clusters in the Large Magellanic Cloud (LMC) to fill the parameter space, which previous research has not observationally studied. Star clusters in the LMC have different age and metallicity from Milky Way star clusters. Star clusters in the LMC are more metal-poor than that in the Milky Way. Therefore, we can expand the parameter space to the more metal-poor and younger range. Moreover, the LMC is distant enough to be considered as the stars in the galaxy are at the same distance, so the uncertainty of the distance does not much affect the determination of absolute magnitudes of RC stars. In addition to these advantages, there are many young star clusters in the LMC, so we can investigate the age dependence of young RC stars where large age dependence is predicted from theoretical models. RC stars in the LMC star clusters have not been studied because they are too faint to determine their mean magnitude reliably in past NIR surveys such as two micron all sky survey (2MASS). Hence, we conducted NIR observations of the clusters using Infrared Survey Facility (IRSF). Long exposure time of our observations makes it possible to determine the mean RC magnitude in the LMC clusters.
It is important to know population effects on RC luminosity in terms of stellar evolution as well as a standard candle. The difference of age dependence between young and old RC stars comes from whether they experience helium flash or not. Because the age of an RC star corresponds to their mass, investigation of age dependence leads to better understanding of the maximum mass of stars that will experience helium flash (Girardi 2016) .
In section 2, we show the data and methods to determine NIR magnitudes of RC stars. Results and comparison with previous work are presented in section 3. Section 4 is our conclusions.
THE DATA

Sample selection
When we investigate the metallicity and age dependence of absolute magnitudes of RC stars in clusters, it is important that metallicities and ages of the clusters have been determined using the same techniques. We can avoid systematic errors by using uniform samples. As a catalogue that satisfies this condition, we used the LMC star cluster catalogue compiled by Palma et al. (2016) . Palma's catalogue lists 277 LMC star clusters.
From the catalogue, we first selected clusters that had both age and metallicity information. Then, we chose clusters whose radii are larger than 0. ′ 65 (9.5 pc at 50 kpc) as our target clusters because we cannot detect the excess of RC stars for small clusters. We excluded clusters that are in the bar region from the target since these clusters are heavily contaminated by field stars. The number of clusters at each selection process is shown in Table 1 . Finally, 15 clusters were selected to be observed by ourselves. In the 15 clusters, we have detected a clear RC peak in its luminosity function for 10 clusters (see below for more detail). Figure 1 shows age and metallicity distribution of our target clusters, compared to clusters observed by van Helshoecht & Groenewegen (2007) . Most of our target clusters in the LMC ranges from 1 to 3 Gyr in age and from -1.0 to -0.4 in [Fe/H] , where van Helshoecht & Groenewegen (2007) have few samples. In this age range, a strong age dependence of the RC absolute magnitudes is predicted. Our target clusters have lower metallicity than the clusters used in van Helshoecht & Groenewegen (2007) . In the very low metallicity region, theoretical models predict relatively strong metallicity dependence of absolute magnitudes. Our sample clusters allow us to investigate the dependence of the RC magnitudes at lower metallicity range than in our Galaxy.
Observation
Observations were performed using the SIRIUS camera equipped on the IRSF 1.4-m telescope (Nagashima et al. 1999; Nagayama et al. 2003) in the South African Astronomical Observatory in 2017 November and December. SIR-IUS can collect JHK S -band images simultaneously with a 7. ′ 7 × 7. ′ 7 field of view with a pixel scale of 0. ′′ 45 pixel −1 . The seeing size was typically 1.5 arcsec and sometimes reached to 0.9 arcsec. The exposure time of each image was 20 s and 25 images were taken in each dithering set. The number of observation sets were from 35 to 41. Observed clusters and their observational information are listed in Table 2 .
Data reduction
We reduced the obtained images by standard data reduction process, which consisted of dark subtraction, flatfielding, sky subtraction, and dithered-image-combining. We used pyIRSF pipeline software 1 for this reduction. Point spread function fitting photometry is performed with iraf/daophot package. We used the 2MASS point source catalogue (Skrutskie et al. 2006 ) to convert apparent magnitudes to calibrated apparent magnitudes. We calculated the weighted mean difference between instrumental magnitude and 2MASS magnitude in the field of view to decide zero points. Photometric errors against JHK S magnitudes for stars in our target clusters are plotted in Figure 2 . These errors were calculated by the allstar task in iraf/daophot package. Typical error of J-band is 0.04 mag at 18.0 mag, H-band is 0.08 mag at 17.5 mag, and K S band is 0.20 mag at 17.5 mag.
We used Palma's catalogue value as cluster radii and chose stars in circular regions as cluster stars. For stars within the circles, we plotted colour-magnitude diagrams and decided to use stars with 17.5 < K S < 15.0 and 0.2 < J − K S < 0.8 to fit the luminosity function of the RC stars (Figure 3) . We fitted the magnitude distribution of the stars with a function of the form
where λ is a passband (JHK S ). The first three terms represent the background distribution of red giant branch stars. The Gaussian term represents the RC stars distribution, (1) where m RC λ is the mean magnitude that we desire to acquire and σ λ is the standard deviation of the RC stars. The uncertainty in m RC λ is standard error and calculated by
where N RC is the number of RC stars calculated by
Factor 10 corresponds to the width of histogram bin 0.1 mag. A typical standard error of the RC mean magnitudes for the clusters is 0.015 mag. Then, reddening was corrected using E(B − V) values from Palma's catalogue and the Cardelli et al. (1989) extinction law. We only used clusters that had a significant excess of red clump stars. As a consequence, 10 clusters were used to investigate the magnitude of RC stars. The parameters of the clusters used in this work are listed in Table 3 .
RESULTS AND DISCUSSION
The JHK S magnitude distribution of the RC stars and fitting results are shown in Figures 4 and 5. RC magnitudes derived from the fittings using equation (1) are listed in Table 3 . It is possible that the mean magnitudes obtained with the fittings are sensitive to the bin size of m λ . We changed the bin size to narrower value (0.05) and wider value (0.20) to check the effect of the bin size. The results are shown in Table 4 . As can be seen in Table 4 , most of the obtained magnitudes for the narrower or wider bin size are consistent with those for the bin size of 0.10. The mean differences of magnitudes between the bin sizes of 0.05 and 0.10, and 0.10 and 0.20 are small, 0.013 mag and 0.024 mag, respectively. For the wider bin size, some clusters show the relatively large difference compared to the standard errors. However, this difference does not much affect the obtained trends and our discussion.
The m λ values for the star clusters in our sample versus age are plotted in Figure 6 , and the m λ versus metallicity are plotted in Figure 7 . Figures 8 and 9 present comparison of our K S -band results with data from van Helshoecht & Groenewegen (2007) and the model of Salaris & Girardi (2002) . When we convert apparent magnitudes of our results to absolute magnitudes, we use the distance modulus to the LMC (18.493 mag, Pietrzyński et al. 2013) . We assume that all clusters in the LMC are at the same distance because we cannot obtain the distance information on each cluster from Palma's catalogue.
Age dependence
Apparent magnitudes m J , m H , m K S show the same trends that older RC stars are brighter within 1-3 Gyr, and much older RCs are slightly fainter ( Figure 6 ). This trend still can be seen for RC stars with similar metallicity. These are the same trends seen in V JK-band data (Percival & Salaris 2003 , although they have only three or four data points in the same age range) and in K-band data (Grocholski & Sarajedini 2002; van Helshoecht & Groenewegen 2007) for the Milky Way clusters. Theoretical models (Salaris & Girardi 2002; Girardi 2016 ) predict very similar trends to our results, although the individual values of absolute magnitudes are slightly different (Figure 8 ). For RC stars between 1.5 and 2.8 Gyr, both our observational data and data from van Helshoecht & Groenewegen (2007) are consistent with the theoretical models within 0.1 mag. NGC 2155 (3.2 Gyr) shows slightly large deviation between observational data and the model prediction by Salaris & Girardi (2002) , but in good agreement with the model by Girardi (2016) .
The younger cluster NGC 2161 (1.1 Gyr) shows brighter magnitude compared to the theoretical models. For RC stars younger than 1.5 Gyr, strong age dependence of absolute magnitudes is predicted. Even small age difference leads to the large difference of absolute magnitudes for these young RC stars. We note that the observational data from van Helshoecht & Groenewegen (2007) also shows systematically brighter results around 1 Gyr. The old cluster ESO 121-3 (8.5 Gyr) also shows a brighter value than the model predictions. One possible reason is that the number of fainter RC stars is underestimated because the photometric data is not deep enough. The number of stars contained in ESO 121-3 is smaller than those contained in other clusters ( Figure 3) . However, the difference between the observational data and the theoretical models is about 0.3-0.4 mag. The widths of RC magnitudes in other star clusters or the JH-band magnitudes in ESO 121-3 are not wider than 0.3 mag. Even if we only detect the bright tail of RC distribution, the peak of magnitude distribution can only change 0.2 mag at most. Moreover, we added artificial stars to the reduced image using the iraf/daophot/addstar task, and confirmed that the completeness is nearly 100 per cent at around 17.0 mag in K S -band. Thus, the underestimation of faint RC stars would not change the result so much. Other reasons may be needed to explain the deviation.
The age dependence of J − H, J − K S , and H − K S colours is shown in Figure 10 . J − H, and J − K S colours show weak age dependence that the older RC stars have redder colours between 1 and 3 Gyr. On the other hand, no significant age dependence can be seen in H − K S colour. These trends are similar to the model predictions. The theoretical models predict that younger RC stars have bluer colours and older RC stars have redder colours. In addition, age dependence becomes weaker in longer wavelengths. Comparing V − K (∼0.5 mag difference for similar ages and metallicities) and I − K (∼0.3 mag) colours of the model prediction by Salaris & Girardi (2002) , our observational data show weak age dependence (∼0.1 mag).
Most of our sample clusters have the age of 1-3 Gyr where theoretical models predict strong age dependence. This age dependence is clearly confirmed in our study, thanks to many samples in this narrow age range. For very young (< 1 Gyr) RC stars, theoretical models predict that younger RC stars have brighter magnitudes. However, such young star clusters do not meet our target selection criteria; they are expected to be very small or exist in the bar region, so we cannot investigate the trend in this study. The VMC survey will play an important role to investigate the dependence of very young RC stars.
Metallicity dependence
We can see metallicity dependence on m J , m H and m K S (Figure 7) . The predicted metallicity dependence in the K-band is only 0.1-0.2 mag around 2 Gyr, and this is smaller than those in the shorter wavelengths. The expected trend is that RC stars with lower metallicity have brighter magnitudes; this trend can be seen in our results (Figure 7) . The magnitude difference found in our sample is about 0.2 mag, and this matches very well with the theoretical prediction.
The predicted metallicity dependence is different in two models between 2 and 4 Gyr. Salaris & Girardi (2002) Salaris & Girardi (2002) . Circles represent the IRSF data, and squares are data from van Helshoecht & Groenewegen (2007) . Metallicity difference is illustrated by colour scale.
sented a contrary result that metal-poor RC stars have fainter K S -band absolute magnitudes within the age range. To compare these model predictions with our observational data, we divided our samples into younger RC stars (1-2 Gyr) and older RC stars (2-4 Gyr). Figure 11 provides metallicity dependence of RC absolute magnitudes for the divided samples. In this plot, the K S -band absolute magnitudes show the trend that metal-rich RC stars have fainter magnitudes between 2 and 4 Gyr. This result is consistent with the prediction by Girardi (2016) , although our sample shows slightly stronger metallicity dependence. The Jand H-band data also show metal-rich RC stars have fainter absolute magnitudes.
The metallicity dependence of J − H, J − K S , and H − K S colours is presented in Figure 12 . J − H colour shows the trend that metal-rich RC stars have redder colours. This trend is consistent with the model predictions for V − K and I − K colours. The difference of J − H colours is ∼0.1 mag and smaller than that predicted for V − K (∼0.5 mag) and I − K (∼0.3 mag) with similar metallicities. This result matches the model predictions and previous observational studies that metallicity dependence becomes weaker at longer wavelengths. We can see no strong metallicity dependence of J − K S and H − K S colours. 
Absolute magnitude
The averages of the apparent RC magnitudes for our 10 clusters are 17.349 ± 0.023 mag, 16.876 ± 0.021 mag, and 16.826 ± 0.019 mag for m J , m H , and m K S , respectively. Considering the distance modulus to the LMC (18.493±0.008±0.047 mag, Pietrzyński et al. 2013) , absolute magnitudes of RC stars, M J , M H , and M K S become −1.144 ± 0.023 (this work's error) ±0.008 (Pietrzyński's statistical) ±0.047 (Pietrzyński's systematic) mag, −1.617±0.021±0.008±0.047 mag, and −1.667± 0.019 ± 0.008 ± 0.047 mag, respectively. These results give good agreement with previous work in the K S -band, but 0.1-0.2 mag brighter than previous studies derived from RC stars in the solar neighbourhood or Kepler field for the J- (2003) derived a slightly different distance modulus to the LMC of 18.42±0.07 using RC stars. If we use the value, absolute magnitudes of RC stars M J , M H , and M K S change to −1.071 ± 0.023 ± 0.07, −1.544 ± 0.021 ± 0.07, and −1.594 ± 0.019 ± 0.07. These values have better agreement in the J-and H-bands. Laney et al. (2012) pointed that the distance modulus to the LMC derived from J-band RC magnitudes was about 0.1 mag smaller than that from H-or K S -band RC magnitudes. They obtained JHK S absolute magnitudes of RC stars by combining their photometric results with Hipparcos parallaxes. They compared these absolute magnitudes with JHK magnitudes of LMC RC stars, and found that the distance modulus derived from J-band data is relatively small. Our data show equivalent results that mean J-band absolute magnitude is brighter than that for RC stars in the solar neighborhood when we use the same distance modulus. Laney et al. (2012) suggested that the discrepancy was probably caused by the population effect. Both theoretical models and observations have confirmed that the population effects become stronger in the shorter wavelengths. J − K S colours of RC stars in our target clusters are 0.47-0.63 mag (Table 3) , and bluer than those in solar neighborhood (0.629; Laney et al. 2012) or in Baade's Window (0.68; Gonzalez et al. 2012 ). Theoretical models predict that metal-poor RC stars have bluer colour than metal-rich RC stars because of the stronger population effect in the shorter wavelengths. Metallicities of RC stars in our target clusters are lower than those in solar neighborhood or in Baade's Window. This results support that J-band population effect is stronger than K S -band. Figures 6 and 7 also indicate that the population effect in the J-band is slightly stronger than that in the K S -band. In J-band, the difference between the brightest RC stars (NGC 2155) and the faintest ones (KMHK 21) is 0.231 mag. In K S -band, the difference between the brightest (NGC 2155) and faintest (NGC 2213) RC stars becomes smaller (0.187 mag). J − K S colour also shows age dependence (Figure 10) . Therefore, the discrepancy in the J-band is probably caused by the population effects.
RC stars as a standard candle
So far, the population effect of RC absolute magnitudes has been corrected using theoretical models by Girardi & Salaris (2001) and Salaris & Girardi (2002) . To obtain the correction of the population effect from observational data, we fitted our data using least squares method and following function
where t is the age (yr) of the star clusters. We excluded ESO 121-3 from the fitting because the age of this cluster is very old and the theoretically expected behaviour of RC magnitudes is completely different from young ones. As the best fit result, we obtained
The adjusted coefficients of determination (adjusted R 2 ) are 0.568, 0.537, and 0.733, and these values are calculated by
where M λ is the absolute magnitudes of observational data in the λ-band, f is the absolute magnitudes derived from equations (5)- (7), M λ is the mean value of M λ , N is the number of sample clusters (nine in this time), and p is the number of explanatory variables (three in this time). The adjusted R 2 gets closer to one for the better fitting. If the adjusted R 2 is negative, the fitting is worse than just taking the average value. We also fitted our data with higher order polynomial functions but adjusted R 2 values are worse than fitting with equation (4). To evaluate the order of model equation, we performed leave-one-out cross-validation for equation (4) and higher order polynomial functions
Eight clusters are used as a training set and the other cluster is used as a test set. We calculated the differences of absolute magnitudes between observational data and calculated values from equations (4), (9) - (11) for the test sets, and derived root mean squares (RMSs). The obtained RMSs are shown in Table 5 . As can be seen in Table 5 , the RMSs are similar or become larger for higher order polynomial functions. In such a situation, it is preferred to select the simplest model whose error is within one standard error of the minimal error (one standard error rule). Therefore, we chose the form of equation (4) as the best model. Figures 13 and 14 show the distribution of absolute magnitudes with fitted lines. The population effect of RC stars with the ages of 1.1-3.2 Gyr and the metallicities from −0.90 to −0.40 dex can be corrected with these relations. As predicted by the model predictions, the regression coefficient for [Fe/H] in J-band is larger than those in the H-and K S -band.
As can be seen in Figure 1 , the ages of clusters are correlated with the metallicities (the correlation coefficient is −0.612 for the nine clusters used for the fitting). Therefore, it is possible that multicollinearity occurs. To check the presence of multicollinearity, we calculated partial correlation coefficients. The partial correlation coefficients between ages and absolute magnitudes are −0.247, −0.585, and −0.540, and the partial correlation coefficients between metallicities and absolute magnitudes are 0.695, 0.384, and 0.706 for J-, H-, and K S -bands, respectively. This means that absolute magnitude depends on both age and metallicity. The correlation coefficients between ages and absolute magnitudes are −0.610, −0.752, and −0.747, and the correlation coefficients between metallicities and absolute magnitudes are 0.809, 0.660, and 0.828 for J-, H-, and K S -bands, respectively. These correlation coefficients have the same signs as the partial correlation coefficients, and the values are comparable. Furthermore, the correlation coefficients have the same sings as the regression coefficients a and b. Therefore, multicollinearity does not matter much.
We also fitted the RC colours with the form of equation (4), and obtained The adjusted R 2 values are 0.569, -0.203, -0.143. As is the case of the absolute magnitudes, we conducted leave-oneout cross-validation for the same forms of equations (4), (9) -(11). The calculated RMSs are presented in Table 5 . The RMSs of colour differences have similar or larger values for the higher order polynomial functions, and thus we selected the form of equation (4) as the best model following one standard error rule. Figures 15 and 16 show the mean RC colors as a function of age and metallicity with fitted lines. Comparing the absolute magnitudes, the population effect for the RC colours are smaller. In particular, J − K S and H − K S have nearly constant values, and the mean values of nine clusters are J − K S = 0.528 ± 0.015 and H − K S = 0.047 ± 0.011, respectively. These values are used as the intrinsic RC colours at least within the ages of 1.1-3.2 Gyr and the [Fe/H] of −0.90 to −0.40 dex. The partial correlation coefficients between ages and absolute magnitudes are 0.192 and −0.331, and the partial correlation coefficients between metallicities and absolute magnitudes are 0.278 and −0.372 for J−K S and H−K S , respectively. This also supports that these colours have no strong dependence of absolute magnitude on age and metallicity. These colours can be used as an interstellar extinction probe. The average value of J − H is 0.480 ± 0.010, although the population effect is slightly stronger. The partial correlation coefficients between ages and absolute magnitudes are 0.696, and the partial correlation coefficients between metallicities and absolute magnitudes are 0.781 for J − H. This means that J − H colour depends on both age and metallicity. For more metal-rich RC stars, Laney et al. (2012) Figure 14 . Mean RC magnitude versus metallicity in the J-(left), H-(centre), and K S -band (right). The best-fit relations are also plotted for four ages (from blue to brown, log t = 9.0, 9.2, 9.4, 9.6). Age difference is shown by colour scales. Table 5 . The derived RMSs of differences of absolute magnitudes and colours between observational data and calculated values from rom equations (4), (9) slightly higher than our results. Therefore, attention should be paid for applying these colours to RC stars with near solar metallicities. During the fitting, the errors on age and [Fe/H] are not considered. The actual errors of the coefficients, a, b, and c, would therefore be larger than those shown in equations (5) - (7) and (12) - (14), because of the large errors on [Fe/H] . In addition, the errors on coefficients are already large because of the small number of samples. It means that, with the current observational results, it is difficult to insist that the coefficients a and b for M J , M H , M K S , and J − H have non-zero values. However, the partial correlation coefficients suggest that a, and b for these absolute magnitudes and J −H colour have nonzero values. Deeper NIR observations of the LMC clusters and careful metallicity measurements of them are necessary to determine the coefficients more accurately.
CONCLUSIONS
In this paper, we investigate the age and metallicity dependence on the RC magnitudes, m J , m H , and m K S , and their colours J − H, J −K S , and H −K S . Most of our samples consist of the clusters with young age and low metallicity. The age and metallicity are different from clusters in the Milky Way. We obtained the relation to correct the population effect for the absolute magnitudes and colours of RC stars with the age of 1.1-3. Figure 16 . Mean RC colour versus metallicity for the J − H (left), J − K S (centre), and H − K S (right). The best-fit relations are also plotted for four ages (from blue to brown, log t = 9.0, 9.2, 9.4, 9.6). Age difference is shown by colour scales.
though the errors on the coefficients are large. We confirmed that the population effect for J − K S and H − K S colours is very small within these age and metallicity ranges. When we use RC stars as a standard candle, we can accurately estimate interstellar extinction without suffering from the population effect by using these colours. In model comparison, our observational data show good agreement with the prediction by Girardi (2016) between 1.6-3.2 Gyr. The averaged M K S is consistent with previous work, but M J and M K S are slightly bright. This discrepancy may be caused by the population effect.
